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Abstract Zirconia (Y0.16Zr0.84O2, Sc0.2Zr0.8O2 and
Sc0.2Ce0.01Zr0.79O2) and ceria (Gd0.2Ce0.8O2) based electrolyte
materials are synthesised at production rates up to 260 g h−1
by a liquid-fed one-step flame spray synthesis from water-
based solutions, or cost-effective rare earth nitrates with a high
water content. It was found that this one-step synthesis, based
on an acetylene-supported flame is able to produce phase pure
and highly crystalline, nanoscale electrolyte materials. The as-
synthesised powders show a cubic lattice structure indepen-
dent of production rates. Specific surface areas of the powders
were adjusted between 20 and 60 m2 g−2, where the latter is
an upper limit for the further processing of the powders in
terms of screen printing. The influence of process parameters
on morphology, particle size, composition, crystallinity, lattice
parameter, shrinkage behaviour and coefficient of thermal
expansion of the as-synthesised powders were systematically
investigated by transmission electron microscopy (TEM),
nitrogen adsorption (BET), X-ray diffraction (XRD) and
dilatometry. Electrochemical impedance spectroscopy (EIS)
was applied at temperatures between 300 °C and 900 °C and
confirmed the high quality and the competitive electrochem-
ical behaviour of the produced powders.
Keywords Electrolyte . Nanoparticles . Flame spray
synthesis . Ceria . Zirconia . Scandia . Yttria . Gadolinia
1 Introduction
Lowering the operating temperature of solid oxide fuel cells
(SOFC) from 800 °C to 1000 °C to intermediate temper-
atures of around 500–700 °C is currently one of the primary
scientific aims in the fuel cell community. This can
decrease the thermal requirements of the equipment
significantly and will enhance lifetime, which is limited
due to diffusion and degradation effects in the SOFC
materials. The development of new materials and compo-
sitions or nanostructured materials, offer the prospect of
high performance at lower operating temperatures. Electro-
lytes from nanostructured materials can help to manufacture
thin but densely sintered gastight electrolyte layers or
highly reactive nanoscale interlayers [1, 2].
Several methods have been used for the production of
electrolytes or mixed oxide materials in general. Beside the
production via wet-phase routes, which often need time-
consuming additional processing steps like liquid-solid
separation, washing and drying, the solid oxide route is an
easy to handle production step [3]. Here, the corresponding
oxide materials are mixed in a specific stoichiometry and
heat-treatment is necessary to reach a solid solution of the
single elements. Especially for high-temperature sintering
materials, crystal growth is observed. Intensive and time-
consuming milling processes are needed, which additionally
can cause strong impurities. A common gas-phase produc-
tion process is the so-called spray pyrolysis [4], where a
liquid solution is sprayed into a furnace at elevated temper-
atures (around 500–600 °C). However, spray-pyrolysed
materials are not produced phase pure. Therefore, a
subsequent temperature treatment and additional milling
processes are indispensable to grind down the particles.
Several gas-phase production routes have been applied
to receive nanostructured materials, but most of them are
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afflicted by a low output or the necessity of expensive
metal-organic precursors [5–9]. The most promising gas-
phase route is based on flame reactors, applied in industry
for large-scale production of high purity nanoscale materi-
als like carbon black and oxide materials like silica and
titania. Maric et al. [10] showed that ceria but also samaria
and gadolinia stabilised ceria can be synthesised at
production rates of >500 g h−1 from metal-organic materials
by combustion chemical vapour condensation. The group
of Pratsinis worked intensively in the field of flame-made
oxides and mixed oxide materials [11]. Nevertheless, for
YSZ a different yttrium content was observed in large and
small particles, by using inexpensive yttrium nitrates with a
high water content. This effect could be reduced when YSZ
was produced by metal-organics, or if the materials undergo
an intensive chemically treatment to get low water contain-
ing yttrium precursors (Y(NO3)3·0.5H2O=YN0.5 instead of
Y(NO3)3·6H2O=YN6) or to get metal-organics from carbo-
nates via a time-consuming process.
The focus of the present study is a one-step synthesis of
various nanostructured, solid-solution electrolyte powders
by use of cost-effective metal-organic or water-based nitrate
precursor solutions. The specific surface area (SSA) of the
powders was restricted to a value between 20 and 60 m2/g,
due to the fact that preparation methods via screen printing
pastes can not handle larger SSA values combined with a
high solid loading of 40–50%.
Here, a liquid-fed flame spray synthesis (FSS) is
presented, where nanostructured, high-crystalline and phase
pure electrolyte powders were synthesised. High molar
mixtures of metal-organics and nitrates with high water
content, or pure inorganic nitrate precursors, diluted in a
water/fuel mixture were used. Gd0.2Ce0.8O2 (10GCO),
Sc0.2Zr0.8O2 (10SSZ), Sc0.2Ce0.01Zr0.79O2 (10Sc1CeSZ)
and Y0.16Zr0.84O2 (8YSZ) were chosen as the most used
or promising candidates.
2 Experimental
2.1 Flame spray synthesis
The flame spray plant consists of a commercially available
cutting nozzle (Type 150–200, Pangas, Switzerland) with a
centred capillary tube (øi=1.05 mm and øa=1.6 mm),
surrounded by a circular gap for the dispersing gas (gap
width=1.4 mm) and six outlets for the supporting flames
(øi=1.5 mm) at a distance of 3.5 mm from the centre.
Further details are given elsewhere [12]. A precursor
solution with the desired composition is injected via the
centre capillary by a continuously running double syringe
pump (PN1610, Postnova Analytics, Germany) and is
dispersed into fine droplets by a flow of 35 l min−1 of pure
oxygen (99.95%, Pangas, Switzerland). For the supporting
flames acetylene (13 l min−1, 99.5%, Pangas, Switzerland)
and oxygen (17 l min−1, 99.95%, Pangas, Switzerland) are
premixed in the nozzle body. A similar design running as a
methane burner is described in literature [13]. All gases are
controlled by mass flow controllers (EL-Flow, Bronnkhorst,
the Netherlands). The produced powders are collected in a
baghouse filter system (Friedli AG, Switzerland). Small
representative samples (0.5–5 g) can be collected on glass
fibre filters (ø=150 mm, Whatman, UK).
2.2 Precursor solution preparation
For all precursor solutions the total metal concentration
was kept constant at 1.25 M. The zirconia based powders
(8YSZ, 10SSZ and 10Sc1CeSZ) were produced by using
zirconium n-propoxide (Zr(OC3H7)4 = ZP, 70 wt% in n-
propanol, MaTeck, Germany). Yttrium(III) nitrate hexahy-
drate (Y(NO3)3·6H2O = YN6, 99.9% ABCR, Germany),
scandium(III) nitrate tetrahydrate (Sc(NO3)3 4H2O = ScN4,
99.9% Auer Remy, Germany) and cerium(III) nitrate
hexahydrate (Ce(NO3)3 6H2O = CeN6, 99.9% Auer Remy,
Germany) were dissolved ultrasonically in dimethylform-
amide (C3H7NO = DMF, 99%, Sigma-Aldrich, Switzerland).
These intermediate solutions were added slowly to the water
sensitive ZP while stirring the receiver. In all cases, clear
solutions without any residuals were obtained.
The precursor solutions for the ceria based powders
were prepared by dissolving cerium(III) nitrate hexahydrate
(Ce(NO3)3 6H2O = CeN6, 99.9% Auer Remy, Germany)
together with gadolinium(III) nitrate hexahydrate (Gd(NO3)3
6H2O = GdN6, 99.9% Auer Remy, Germany) in a H2O:DMF
mixture in a ratio of 5:1 under stirring conditions.
2.3 Powder characterisation
Shrinkage behaviour of the as-produced powders and the
coefficient of thermal expansion (CTE) of sintered samples
were determined by dilatometry (Baehr Thermoanalyse
DIL802, Germany). Experiments for the shrinkage behaviour
were made in air between 25 °C and 1550 °C with a heating
rate of 5 K min−1 by using an alumina sample holder. The
determination of the CTE was carried out in air with a
sapphire system in the temperature range of 100–980 °C.
Table 1 Electrolyte powders production rates in g h−1 as function of
precursor flow.
Precursor flow rate Production rate in g h−1 for
ml min−1 8YSZ 10SSZ 10 10Sc1CeSZ 10GCO
5 46 43 43 65
20 183 170 171 261
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The crystal structure was analysed by X-ray diffraction
(PANalytical X’Pert Pro MPD, Netherlands) with a CuKα
(1=1.5405 Å) radiation. Scanning was carried out over a 2θ
range of 5–80° with a step size of 0.0167° within a scan time
of 150 min. Crystal size was determined by Scherrer equation
[14], where K is a constant, β the full width at half maximum
value at the Bragg angle (half of the scattering angle 2θ):
dXRD ¼ K1= β cos θð Þ ð1Þ
Powder morphology was investigated by high-resolution
transmission electron microscopy (HR-TEM; Philips
CM30, Netherlands), after heating the powders for 2 h at
473 K in N2 to remove adsorbed species. SSA was
determined by a five-point nitrogen adsorption isotherm
at 77 K (SA 3100, Coulter Electronics, USA). The BET
equivalent particle diameter dBET can be calculated by
assuming monodisperse, spherical and non-aggregated
particles:
dBET ¼ 6= ρ  SSAð Þ ð2Þ
where ρ is defined as the density of the corresponding
phase pure composition.
For electrochemical impedance spectroscopy (EIS) an
Impedance/Gain-Phase Analyser (Solartron SI 1260, UK)
was used. For all material compositions, EIS was carried
out in air between 400 °C and 900 °C within a frequency
range of 0.1–1 MHz and a signal level of 10 mV.
Nanopowders were pressed uni-axially to pellets with a
diameter of 15 mm and a height of 1.5 mm. The pellets
were sintered afterwards for 2 h at 1550 °C.
3 Results
The main control parameters for particle size and morphol-
ogy are the production rate moxide in terms of precursor
flow, precursor concentration and the amount of dispersing
oxygen (VO2). Here the investigation was focused on the
influence of moxide. VO2 was constantly kept at a flow rate
of 35 l min−1. This corresponds to an overstoichiometry of
oxygen for a complete combustion of all species. Addi-
tionally, a sufficient high dispersion of the solution during
the spraying process can be reached. A more detailed
investigation of a general influence of VO2 can be found
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Fig. 1 Specific surface area (left) and BET equivalent particle
diameter (right) of flame spray synthesised solid solution electrolyte
materials: 8YSZ (circle), 10SSZ (triangle), 10Sc1CeSZ (square) and
10GCO (rhombus). All powders are produced with a constant
precursor concentration (1.25 M) with DMF as solvent and a
dispersion oxygen flow of 35 l min−1
Fig. 2 X-ray diffraction patterns of the as-synthesised powders,
prepared with a precursor flow of 5 ml min−1
Table 2 Calculated lattice parameters of the powders and reference
values.
Material
composition
Crystal
structure
a=b=c/
Å
Reference
value/Å
Ref.
8YSZ Cubic 5.139 5.139 [8]
10SSZ Cubic 5.088 5.091 [15]
10Sc1CeSZ Cubic 5.090 – –
10GCO Cubic 5.426 5.424 [16]
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elsewhere [12]. Electrolyte powders were produced from a
1.25 M precursor solution at constant precursor flow rates
between 5 and 20 ml min−1, corresponding to production
rates between 46 and 261 g h−1 in dependence of the
material density (Table 1).
With an increasing production rate, the particle size is
increasing and the SSA of the powders are decreasing
(Fig. 1). While 8YSZ shows the lowest SSA (21–33 m2 g−1),
SSA is increasing for 10Sc1CeSZ (33–46 m2 g−1) and
10SSZ (40–54 m2 g−1). For the 10GCO powder a significant
higher SSA between 32–64 m2 g−1 can be reached. Due to
the high viscosity of the zirconium propoxide (ZP) an
increased concentration of ZP results in a higher viscosity of
the resulting precursor solution and a reduced atomising
effect during the spraying process. Therefore, larger droplets
and lower SSA are produced. For 10GCO only pure nitrates
in a water/DMF mixture with a viscosity comparable to pure
water is used, so that a higher dispersion grade can be
reached.
Crystal structure and lattice parameter were determined
by X-ray diffraction (XRD) as a function of the production
rate. High production rates in combination with high water
content in the sprayed precursor can significantly decrease
the energy density in the flame. Especially here, the water
has to be evaporated and heated up but no combustion
enthalpy is released. The reduced flame temperature can
cause phase segregation and avoids the synthesis of solid
solutions. Independent of the production rate, X-ray
diffraction patterns of the as-synthesised material composi-
tions revealed for all powder samples a fluorite-like (cubic)
structure (Fig. 2). Beside the cubic reflections no further
phases or impurities were observed. The shift of the
intensity peaks to smaller diffraction angles, especially for
10GCO, is consistent with an increase of the cubic cell
dimension in the order of 10Sc1CeSZ <10SSZ <8YSZ
<10GCO. Detailed values calculated from the diffraction
patterns are given in Table 2.
The constancy of the lattice parameters of the as-
synthesised powders over the precursor flow rate (Fig. 3)
demonstrates the applicability of our flame spray synthesis
for solid solution materials, even for water-based solutions
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Fig. 3 Influence of powder production rate on the lattice parameter of
cubic 8YSZ (circle), 10SSZ (triangle), 10Sc1CeSZ (square) and
10GCO (rhombus)
Fig. 4 Overview (left row) and HR-TEM image (right row) of flame
spray made electrolyte powder. From top to bottom: 8YSZ (a, b),
10SSZ (c, d), 10Sc1CeSZ (e, f) and 10GCO (g, h)
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up to a production rate of 260 g h−1. From the comparison
of diffraction pattern and calculated lattice parameter with
literature data, it can be suggested that no phase segregation
appears and the produced particles are of high quality in
terms of phase purity.
From Fig. 4, which gives an overview of the produced
particles in a low and high magnification, can be seen, that
the zirconia based compositions show spherical-shaped and
high-crystalline particles. In contrast to that, 10GCO
particles appear rhombic-shaped, as it is well known from
ceria based materials [17], however, they show a high
crystallinity, too.
HR-TEM images confirmed the observations made by a
comparison of average crystallite size (dXRD) with BET
equivalent diameter (dBET). In a good agreement with BET
data, crystallite size increased with the precursor flow rate,
as it was observed in. Only small deviations of less than
15% could be found between both diameters (Fig. 5). These
deviations are in the range of measurement accuracy and
also reflect the typical, well known mismatch between
XRD and BET data, due to the different weighing of the
measurement techniques (volume vs. surface). Neverthe-
less, from the entire data set can be concluded that the
particles are not aggregated and every particle consists of a
single crystal.
Figure 6 shows the thermal shrinkage behaviour in terms
of the shrinkage rate, which was determined by dilatometry.
Compared to usual submicron materials, only a small or
negligible shift in the main shrinkage temperature (temper-
ature at the highest shrinkage rate) was observed for all
electrolyte powders. Specific surface areas of 25–45 m2 g−1
are too low to show the often discussed influence of the
particle size on the shrinkage temperature. The lowest
temperature was observed for 10SSZ at 1013 °C, while the
addition of already 1 mol% ceria resulted in a higher
temperature of 1186 °C. For 8YSZ the highest shrinkage
rate was observed at 1198 °C while the 10GCO shows two
local maxima at 797 and 1531 °C.
The coefficient of thermal expansion (CTE) of the
materials, sintered at 1550 °C for 2 h were calculated from
the slope of the relative length change ΔL/L in two linear
regions (Fig. 7): The first region was set from 200 °C to
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Fig. 5 Comparison of dBET with dXRD of flame spray synthesised
electrolyte materials, each for a flow rate of 5 and 20 ml min−1
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Fig. 6 Shrinkage rate of 8YSZ, 10SSZ, 10Sc1CeSZ and 10GCO as
function of temperature
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Fig. 7 Relative length change ΔL/L of 8YSZ (circle), 10SSZ (line),
10Sc1CeSZ (triangle) and 10GCO (rhombus) sintered bars (2 h @
1550°C, sample length: 20 mm)
Table 3 Coefficient of thermal expansion (CTE) for samples of
8YSZ, 10SSZ, 10Sc1CeSZ and 10GCO.
Material composition CTE/10−6 K−1 in the temperature range of:
200–650 °C 650–980 °C 200–980 °C
8YSZ 11.6 11.6 11.6
10SSZ 10.5 12.3 11.2
10Sc1CeSZ 10.6 12.5 11.4
10GCO 13.8 15.3 14.4
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650 °C and the second from 650 °C to 980 °C.
Additionally, an overall CTE is given for the range from
200 °C to 980 °C (detailed values are given in Table 3).
While 8YSZ shows a constant CTE of 11.6·10−6 K−1 up to
980 °C, the CTE of the scandia-substituted material
(10SSZ) showed a transition from 10.5 to 12.3·10−6 K−1.
For 10Sc1CeSZ the same behaviour, but slightly higher
values of 10.6 and 12.5·10−6 K−1 were observed. Since the
as-produced powders definitely show the high-temperature
cubic phase, which results from high quenching rates in the
flame, the change in the slope can be explained by a phase
transition from rhombohedral to cubic [19], caused by the
slow heating and cooling rates during sample densification
and the dilatometry measurements. Generally higher CTE
of 13.8 and 15.3·10−6 K−1 were calculated for the 10GCO.
Figure 8 shows the Arrhenius plots of the total
conductivity from 500 °C to 900 °C for the given material
compositions sintered at 1550 °C for 2 h. The nearly dense
pellets had a thickness of about 1.0 mm. The conductivities
of the 10SSZ and 10Sc1CeSZ were about 2–5 times higher
than that of 10GCO and 8YSZ, respectively. Consistent to
literature [20, 21], a change in the slope of the conductivity
was observed for 10Sc1CeSZ in the lower temperature
region of 550 °C, while 10SSZ still shows significant
higher conductivities. In Table 4 total conductivity σ at the
particular temperatures of 600 °C and 800 °C is compared
to literature data. It can be seen that total conductivity σ of
the pellets from the flame spray synthesised powders are on
a competitive level for applications at intermediate temper-
atures. At 800 °C the conductivity of the powders are lower
than that of the reference materials, but with a distinct
tendency to exceed them. At 600 °C, 10SSZ and
10Sc1CeSZ showed pronounced higher conductivities,
while 8YSZ and 10GCO still revealed slightly lower
performances. This can be explained by remaining poros-
ities in the sintered pellets: For 8YSZ and 10GCO only
90%, but for 10SSZ and 10Sc1CeSZ 94% of the theoretical
density could be reached.
Another aspect, worth to comment here, is the cross-
contamination with Si. All powder samples were collected on
commercial standard silica filters. It was observed that glass
fibres remained in the powders and were sintered with the
pellets. Since no Si peaks are observed in the XRD measure-
ments, the amount is rather low or amorphous, but it is well
understood that very small contaminations of SiO2 can
decrease the electrochemical performance drastically [22],
so that the powder collection process has to be improved.
4 Conclusions
An FSS for nanostructured electrolyte powders is pre-
sented. Gd0.2Ce0.8O2, Sc0.2Zr0.8O2, Sc0.2Ce0.01Zr0.79O2 and
Y0.16Zr0.84O2 for electrolyte applications at intermediate
temperatures (500–700 °C) were successfully synthesised
in an acetylene flame at production rates up to 260 g h−1
from cost-effective aqueous solutions or nitrates with high
water content. The specific surface area of the produced
powders met the SSA values restricted to 20–60 m2 g−1
what is a crucial demand for the later processing as screen
printing pastes for SOFC applications. Within this range,
the specific surface area can easily be adjusted by varying
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Fig. 8 Arrhenius plot of log(σT) vs. T−1 for sintered 8YSZ (circle),
10SSZ (square), 10Sc1CeSZ (triangle) and 10GCO (rhombus)
samples
Table 4 Total conductivity in air at 600 °C and 800 °C for samples of 8YSZ, 10SSZ, 10Sc1CeSZ and 10GCO; sintered at 1550 °C for 2 h.
Material composition Density % Total Conductivity/10−3 S cm−1 Ref.
Own experimentsa Literature
600 °C 800 °C 600 °C 800 °C
8YSZ 90 3.0 26.3 3.7 67.6 [2]
10SSZ 94 13.8 77.6 9.1 112.2 [23]
10Sc1CeSZ 94 10.7 72.4 7.7 77.6 [21]
10GCO 90 6.1 21.8 9.5 47.8 [17]
a Powders are collected on silica filter media.
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process parameters like precursor flow, dispersion gas flow
or precursor concentration.
The as-synthesised powders showed a high quality
concerning solid solution criteria like phase purity, crystal-
linity and lattice parameters. CTE and conductivity measure-
ments are comparable with literature data and suggest them
as high potential materials.
For further improvement of conductivity data, a possible
contamination by trace elements has to be considered and
chemical purity has to be investigated (e.g. Si from filter media
on which powder samples are collected). On the other hand,
the sintering process for the pellets has to be adapted to reach
higher densities and to avoid residual porosity, respectively.
The FSS showed its applicability for a successful large-
scale production of high performance, nanocrystalline
electrolyte materials for a wide range of compositions
based on cost-effective aqueous solutions with nitrates.
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